Floral traits, including those invisible to humans but visible to pollinators, that increase pollination efficiency may be selected by pollinators in plant species with pollen limitation of seed production, but the importance of pollinators as selective agents on different floral traits needs to be further quantified experimentally. In the present study, we examined selective strength on flower diameter, flower height, UV bulls-eye size, sepal size and UV proportion via female fitness in Caltha scaposa, based on openpollinated and hand-pollinated flowers, through which pollinator-mediated selection was calculated for each of floral traits. Our results suggest that seed production of C. scaposa is pollen limited in natural conditions. There was directional selection (Db pollinator ¼ À0.12) for larger flowers in open-pollinated flowers, while no significant selection was found in flower height, UV bulls-eye size, sepal size or UV proportion. Statistically significant selection was found in UV bulls-eye size, sepal size and UV proportion in hand-pollinated flowers, but interactions with pollinators contributed only to flower diameter. We conclude that in C. scaposa, floral traits that are subjected to selection might be driven by multiple selective agents, and suggest the importance of investigating floral traits that are invisible to human but visible to pollinators in measuring pollinator-mediated selection via male fitness.
The amazing floral diversity in angiosperm is generally considered to be shaped by plantepollinator interactions (Fenster et al., 2004) , and thus rapid speciation and diversification of some plant systems seem to be driven by pollinator specialization (Kay and Sargent, 2009) . For example, the nectar spur in Aquilegia, defined as a key innovation allowing greater pollinator specialization (Hodges, 1997) , leads to the speciation and diversification (Whittall and Hodges, 2007) , which could be then reinforced by pollinatormediated reproductive isolation (Kay and Sargent, 2009; Weber and Strauss, 2016) . Theoretically, pollinator-mediated natural selection favors floral traits that maximize reproductive fitness via pollen export and import (Morgan, 1992) , and thus pollinatormediated selection on floral traits should be strong if reproductive success is limited . Accordingly, the wide occurrence of pollen limitation of seed production in plants (Larson and Barrett, 2000; Knight et al., 2005) suggests that pollinators might drive macro-evolution of floral traits (Sapir and Armbruster, 2010) . Thus, understanding which floral traits are under natural selection would fill a gap in our knowledge of whether or not pollinators are the agents of natural selection within populations.
A number of floral traits are found to be selected by pollinators, constituting a major component in the definition of pollination syndrome, in which flower color is paid more attention based on the broad association between flower color and pollinator functional group (Fenster et al., 2004) . For example, birds generally but not always prefer red flowers, and bees generally prefer yellow, green and blue flowers (Zhang, 2003) . However, it should be noted that classification of flower color is based on human eyes, while that color might be quite different to a pollinator's eyes. For example, flowers of most species in Potentilla are yellow, but some of them show quite different UV absorption patterns (Naruhashi and Ikeda, 1999; Koski and Ashman, 2016) . Despite the fact that this kind of UV absorbing floral type is generally correlated with bioclimatic factors Ashman, 2015b, 2016) , it has been suggested that flowers with larger UV absorption patterns may be perceived (Chittka et al., 1994; Briscoe and Chittka, 2001; Kevan et al., 2001; Koski and Ashman, 2014; Sheehan et al., 2016) and preferred (Horth et al., 2014; Brock et al., 2016) by insects as the bulls-eye patterns are thought to act as nectar guides. Accordingly, we cannot judge pollination syndrome of a flower color based on human eyes only, and measurements of phenotypic selection on floral traits should include these "cryptic" floral traits, like the UV bulls-eye.
Caltha is a small but widely distributed genus in Ranunculaceae family (Wang et al., 2001) , and flowers of Catha palustris are visited by a wide spectrum of insects in Canada, including bees, beetles, flies, ants, thrip, bug, butterfly and sawfly (Judd, 1964) , indicating a generalized pollination syndrome in this genus as floral traits among different species of Caltha show great similarity. Although the sepal of Caltha scaposa is consistently yellow under visible light (Fig. 1a) , when we photographed flowers of C. scaposa using a modified camera equipped with a lens allowing UV only in the field, we found that the sepal base absorbed UV spectrum (Fig. 1b) but the sepal apex reflected UV spectrum (Fig. 1b) , an indicator of a UV bulls-eye pattern. Furthermore, our preliminary observations suggested that there were great variations in bulls-eye size within one population. Therefore, in the present study, we performed field experiments to measure phenotypic selection on floral traits via female fitness, with emphasis on examining whether or not UV bulls-eye is the target of natural selection in C. scaposa.
Material and methods

Plant species
C. scaposa J. D. Hooker & Thomson is a perennial herb in the buttercup family (Ranunculaceae), inhabiting alpine wet meadows with altitudes ranging from 2800 m to 4100 m (Wang et al., 2001) . Flower of C. scaposa is usually solitary and terminal, and the petallike sepal is yellow, which might act as the role of petal in this species. C. scaposa begins to flower in June, and our research was carried out from June to July, 2016. The study population (26 37 0 42 00 N, 99 43 0 15 00 E) is located at Laojunshan, Lijiang, Yunnan province, with an altitude of ca. 4000 m. Our preliminary observations suggest that C. scaposa is characterized by protandry and herkogamy, indicating that pollinators are necessary for seed production because a combination of dichogamy and herkogamy can prevent autonomous selfing successfully (Duan et al., 2005; Guo et al., 2014) . Further observations suggest that flowers of C. scaposa may be visited by bumblebees, honeybees, solitary bees and flies, indicating a generalized pollination syndrome for this species.
Field experiment and measurements
Because plants with more than one flower were rare in the study population, we only chose plants with one flower. In midJune 2016, a total of 150 plants with buds were selected and tagged. Fifty plants were randomly assigned for supplemental handpollination with pollen grain from plants that were at least 20 m from the receptive plants to ensure outcrossing, and 100 plants were assigned to open pollination as a control. The selected plants were visited every day, and those plants subjected to hand pollination were pollinated by rubbing anthers across the stigmas until all stigmas within one flower received supplemental pollen at least once.
When each flower opened completely, we measured the flower diameter using a caliper, and flower height (distance from the ground to the flower) using a ruler. When flowers began wilting, we collected one sepal from each plant and kept it in a book to make it flat and dried because UV bulls-eye floral guides could also be photographed on dried flowers (Koski and Ashman, 2016) . In the laboratory, each sepal was put on a white-colored paper and photographed twice with a modified camera. First, the sepal was photographed under visible light, and then under additional UV spectrum with a lens allowing UV only to record the UV bulls-eye. Each picture was then treated, using Adobe Photoshop CS2, by removing the background of white paper, which allowed the color channels (red, blue and green) to be obtained in ImageJ (Rasband, 2012) . Using the red channel by setting different thresholds, we measured the UV-absorbing area and sepal area, and then UV proportion was calculated as the (UV-absorbing area/sepal area).
Statistical analysis
The effects of pollination treatment on plant performance (including seed number, flower diameter, flower height, UV bullseye size, sepal size and UV proportion) were examined using independent sample t test.
Multiple regression analyses were employed to estimate phenotypic selection on floral traits via female fitness (Lande and Arnold, 1983) . For each treatment, female fitness was transformed to relative female fitness by dividing the mean seed production with individual seed production, and flower traits were standardized with a mean of 0 and a standard deviation of 1. Initially, quadratic terms (g) were also included to measure nonlinear selection, but none of the quadratic gradients was statistically significant. Therefore, we only report linear gradients here.
ANCOVA was also used to examine whether or not pollination treatment changed selection gradient, with relative female fitness as the dependent variable. In this model, the standardized floral traits (flower diameter, flower height, UV bulls-eye size, sepal size and UV proportion), pollination treatment (control and hand pollination) and floral trait Â pollination treatment interactions were treated as independent variables. To quantify the gradients of pollinator-mediated selection for each traits, the estimated selection gradient for plants receiving supplemental hand pollination (b HP ) was subtracted from that for open-pollinated controls (b C ),
Results
Because animals destroyed some labeled plants, the sample size of open-pollinated flowers and hand-pollinated flowers was reduced to 75 and 21, respectively. Hand-pollination increased seed number significantly in comparison with open pollination (Table 1) , indicating pollen limitation of seed production in C. scaposa. No significant difference was found in each of five floral traits (flower diameter, flower height, UV bulls-eye size, sepal size and UV proportion) between open-pollinated flowers and hand-pollinated flowers (Table 1) .
Generally, floral traits were positively correlated, and a significant correlation was found between UV bulls-eye size and floral traits (Table 2) . Specifically, UV bulls-eye size was significantly correlated with flower diameter and sepal size ( Table 2 ), indicating that UV bulls-eye tended to be large in large flowers. In addition, UV proportion was positively correlated with UV flower diameter and bulls-eye size (Table 2) .
Under natural conditions, we found directional selection on one of five floral traits. Plants with larger flower diameter showed higher relative female fitness (Fig. 2a) . There was no significant selection found for flower height (Fig. 2b) , UV bulls-eye size (Fig. 2c) , sepal size (Fig. 2d ) and UV proportion (Fig. 2e) (openpollinated flowers, Table 3 ). Despite statistically significant selection on UV bulls-eye size, sepal size and UV proportion in handpollinated flowers, only interactions with pollinators contributed to flower diameter (Table 3) .
Discussion
Animal-pollinated plant species that experience pollen limitation in seed production might enhance allocation to attract pollinators, thus resulting in pollinator-mediated selection on floral traits (Ashman and Morgan, 2004) . In our study, we found that hand pollination increased seed production significantly compared with open-pollinated flowers, indicating that seed production in Caltha scarposa is pollen-limited. Thus, natural selection on floral traits that increase attraction to pollinators was expected in C. scaposa. Large floral display size has been shown to be attractive to pollinators from a long distance, and directional natural selection on larger floral display size has been documented previously (Sandring and Ågren, 2009; Parachnowitsch and Kessler, 2010; Sletvold et al., 2010) . In C. scaposa, there was generally one flower on one plant, so we did not consider pollinator-mediated selection on number of flowers in our study. Aside from number of flowers, flower size may also contribute to floral display size. In line with this expectation, we found that open-pollinated flowers resulted in an increase flower diameter in C. scaposa, indicating that directional selection acts on floral display size. However, when pollinator-mediated selection was considered only, we found negative selection on flower diameter (Db pollinator ¼ À0.12), which might indicate that there were other selective agents driving the evolution of flower diameter in C. scaposa. For example, herbivores have been thought to drive conflicting selection with pollinators by altering pollinator behaviors, as has been shown when floral traits attractive to pollinators also attract herbivores (Gomez, 2003; Irwin, 2006; Sandring et al., 2007) . In addition, some floral traits might be selected exclusively by herbivores instead of pollinators (Parachnowitsch and Caruso, 2008) . Accordingly, the negative selection on flower diameter mediated by pollinator in the present study could indicate that selective strength on flower diameter of other selective agents might exceed that of pollinators in C. scaposa, although this needs to be demonstrated in future studies.
Excluding floral size, plant height might also contribute to floral display size to a certain degree as reproductive success of plant species can be affected by vegetation height (Tor€ ang et al., 2006) , and taller plants would make flowers more attractive to pollinators from a long distance. As a result, natural selection may favor taller plants (O'Connell and Johnston, 1998). For example, in the Table 1 Comparisons of traits (mean ± SE) between open-pollinated flowers (control) and hand-pollinated flowers of Caltha scaposa based on independent sample t-test.
Treatment
Hand pollination (21 deceptive orchid Dactylorhiza lapponica, pollinator-mediated selection accounted for 76% of the observed selection on plant height (Sletvold et al., 2010) . However, in the present study on C. scaposa, we did not find natural selection on flower height via female fitness, which could be attributed to the habitats and the flowering phenology of this species. At our study site, C. scaposa occupies alpine meadow where the vegetation height generally does not exceed plant height of our study species. Furthermore, C. scaposa is an early-flowering species in the alpine community, and yellow flowers might be more obvious in the green background of alpine meadow. Collectively, although plant height is considered to be driven by natural selection, this expectation might be environment-and species-dependent and not applicable to C. scaposa. Although UV floral patterns on petals are invisible to human eyes, they are visible to insect pollinators and considered to be a stable and heritable trait in plant species (Yoshioka et al., 2005; Syafaruddin et al., 2006; Koski and Ashman, 2013) . In fact, UV floral patterns have been suggested to be treated as an important character for plant taxonomy because of their stability in herbarium specimens (Eisner et al., 1973) . UV patterns on petals can be perceived by bees (Chittka, 1992) , birds (Bennett and Cuthill, 1994) , moths (Sheehan et al., 2016) and flies (Koski and Ashman, 2015a) . Furthermore, both bees and flies have been shown to prefer flowers with large UV bulls-eye patterns (Horth et al., 2014; Koski and Ashman, 2015a; Brock et al., 2016) . Therefore, we predicted that natural selection would drive the evolution of flowers with larger bulls-eye patterns in C. scaposa. However, in the present study, we did not find any phenotypic selection on floral traits related to UV bulls-eye size in open-pollinated flowers, and also did not find any selective strength mediated by pollinators (Table 3) . These results might suggest that changes of UV bulls-eye size could be subject to selection via male fitness instead of female fitness (Koski and Ashman, 2015a) . In previous studies, flowers with larger UV bulls-eye patterns received pollinator visits two times more than those with small UV bulls-eye patterns, although the pollinator visitation rate was high for flowers with small UV bulls-eye patterns (Horth et al., 2014; Brock et al., 2016) . In light of pollen presentation theory, when pollinators are frequent, plants achieve higher male fitness by presenting pollen grains to more pollinators (Thomson et al., 2000; Castellanos et al., 2006) . Therefore, evolution of UV bulls-eye size might be driven by natural selection via male fitness in C. scaposa, but this needs further research.
Collectively, in the present study, we examined natural selection on five floral traits (flower diameter, flower height, UV bulls-eye size, sepal size and UV proportion) of C. scaposa via female fitness by combining field experiments and UV photography. We only found significant pollinator-mediated selection on floral diameter. We did not find any significant natural selection on UV-related floral traits (UV bulls-eye size or UV proportion) via female fitness, even though UV floral pattern and size are considered to be selected by pollinators. Our study emphasizes the importance of investigating floral traits that are invisible to human but visible to pollinators in measuring pollinator-mediated selection on floral traits, and suggests the necessity of examining male fitness in surveying natural selection on floral traits. 
